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Abstract
Induced cell cycle delays were among the first
described cellular responses to ionizing radiation (IR).
To understand the sensitivity and the molecular events
involved in the response to low doses of IR and to
examine the role of p53 and its downstream effector
p2l￿1, we measured changes in expression of genes
postulated to be involved in the cellular response to IR.
Expression levels were examined in normal human
diploid fibroblasts irradiated and maintained in
quiescent density-inhibited growth up to 24-48 h after
exposure to X-ray doses as low as 0.1-0.3 Gy, which
have negligible effects on cell survival. Among 31
genes analyzed, we observed down-regulation in
response to IR of the mRNA levels of CDCZ cydin A,
cyclin B, thymidine kinase, topoisomerase ila, and
RAD5I. A similar reduction in the expression levels of
these genes occurred when irradiated cells were
released from confluence and allowed to proliferate.
This was not observed in cells in which p53 function
was defective and up-regulation of p21W&l levels either
did not occur (E6 transfected normal human fibroblasts
and Li-Fraumeni fibroblasts) or was delayed (ataxia
telangiectasia fibroblasts) after irradiation. Down-
regulation was also absent in p21￿’￿&￿￿nuIl mouse
embryo fibroblasts (MEFs) but occurred at a lower level
in p53-null MEFs, due to slight increases in p2l￿”
levels by a p53-independent pathway. These findings
indicate that the down-regulation of these cell cycle
regulated genes in irradiated cells is p53-dependent
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and involves its effector p2lW&￿. Although no down-
regulation in the expression of genes involved in G2-M
was observed in p53 or in p21￿1-null MEFs, these
cells showed a G2-M delay after irradiation, indicating
that the expression levels of these genes does not
regulate the G2-M delay.
Introduction
Reproductive failure and radiation-induced cell cycle delays
were among the first observations on the cellular effects of
1R3 (reviewed in Ref. 1). Transient delays in progression of
mammalian cells through the different phases of the cell
cycle, induced by exposure to IR and other DNA damaging
agents, have been hypothesized to allow for repair prevent-
ing the propagation of damaged DNA (2). cdks are key reg-
ulators of cell cycle progression and targets in the control of
the G1 and G2 checkpoints, which monitor the integrity of the
genetic material prior to DNA replication and cell division.
Inhibition of the activities of cdk2, cdk4, and cdk6 kinases
have been implicated in cell cycle delays at the G1 to S
transition (3) and inhibition of cdc2 kinase has been impli-
cated at the G2 to M transition (4).
In mammalian cells, one of the early events in the cellular
response to IA, as well as to other DNA damaging agents, is
the increase in p53 levels that has been implicated in the
regulation of the G1 checkpoint and apoptosis (5-8). p53
activates the transcription of several genes, including MDM2
(9) and WAF1 (10). WAF1 has been shown to be an important
mediator of p53 regulation of the G1 checkpoint (11 , 12).
Also, WAF1 has been shown to be induced by p53-inde-
pendent mechanisms (1 3-1 5). By complexing with cyclin-
cdk kinases (16-19), p21Wafl inhibits the phosphorylation of
growth-regulatory proteins such as pAb, E2F, and related
proteins, which are involved in regulating the expression of
genes implicated in S phase (20). p2lwafl also binds to
PCNA inhibiting DNA synthesis but not DNA repair (21).
Although p21 Wafi is considered a major mediator of p53 in
the G1 arrest, p21wafl is not solely responsible for the ob-
served p53-induced G1 arrest (1 1 , 12). Other possible me-
diators are GADD45 (22) and c-ABL (23), which can cause G1
arrest when overexpressed. Mechanisms for the G1 arrest
caused by GADD45 are not known, however c-abl tyrosine
kinase, by complexing with p53 in a p21Wafl independent
3 The abbreviations used are: IR, ionizing radiation; wt, wild type; MEF,
mouse embryo fibroblast; P1, propidium iodide; cdk, cyclin-dependent
kinase; AT, ataxia telangiectasia; LF, Li-Fraumeni; RT, reverse transc￿p-
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Fig. 1. mRNA levels of various
genes in AG1 522 cells 0-48 h
after X-irradiation. Quiescent,
density-arrested AG1 522 cells
were exposed to 1 Gy of X-rays
and held at 37CC. Cells were har-
vested at different times after ir-
radiation, and RNA was ex-
tracted and analyzed by RT-PCR
in duplicate reactions. A, analysis
of mRNA levels after radiation ex-
posure. B, analysis of a serial di-
lution of RNA from control cells to
monitor the exponential forma-
tion of the PCR product in A.
manner, down-regulates the activity of cdk2, leading to
growth arrest (24).
The ATM gene, which is defective in AT, a disease that is
associated with cancer, has been postulated to precede p53
activation in the DNA damage response pathway (25). AT
cells are radiosensitive and following exposure to IR show a
defective regulation of p53 levels, in spite of having a normal
p53 response after UV irradiation (26). These cells do not
show G1 delays following IR exposure (27). LF is another
disease associated with cancer, and cells from these pa-
tients also show abnormal responses to IR (1). Cancer pre-
disposition in approximately 60% of LF syndrome families is
associated with germline mutations in the p53 locus (28).
After the loss of the second allele, these cells become ra-
dioresistant and also no longer show a G1 delay after irradi-
ation (1 , 19). Defective p53 regulation in these cells after DNA
damage has been postulated to be involved in their abnormal
G1 delay response, which leads to accumulation of DNA
damage, genomic instability, and eventually cancer develop-
ment (1). Radioresistance and lack of G1 arrest after irradi-
ation also occur in normal cells transfected with the human
papilloma virus gene E6 (19, 29-31), which mediates the
ubiquitin-dependent degradation of p53 (32).
Radiation-induced modulation of the expression of genes
involved in cell cycle regulation has been previously reported
in normal or tumor human cells (1 9, 31 , 33-37). To under-
stand the sensitivity and the various molecular events in-
volved in the different signaling pathways in the radiation
response in normal human diploid fibroblasts, we character-
ized the effects of irradiation at doses as low as 0.1 Gy on the
expression levels of genes postulated to be involved in the
cellular response to IR. We analyzed the expression of genes
involved in antioxidation, cell cycle regulation, DNA damage
response, DNA repair, DNA synthesis, and DNA topology. To
examine the role of p53 and its downstream effector p21 Waf 1
in the regulation of expression of genes, the levels of which
were modulated in irradiated cells, we analyzed the expres-
sion of these genes in diploid cells in which p53 or WAF1 was
deleted or in which p53 expression is abnormal. In the pres-
ent studies, we observed in irradiated normal human diploid
fibroblasts, at doses as low as 0.2-0.3 Gy, down-regulation
of the genes CDC2, cyclin A, cydin B, thymidine kinase,
topoisomerase I/a, and RAD51. This down-regulation was
not observed in cells in which p53 function is defective (E6
transfected normal human, AT, and LF fibroblasts). It was
also absent in p21W￿￿null MEFs and was partially present in
p53-null MEFs due to a p53-independent WAF1 expression.
Results
Effect of Radiation Exposure on the mRNA Levels of
Various Genes in Quiescent Density-inhibited Normal
Human Diploid Fibroblasts. To examine the effect of low
doses of IA on the mRNA levels of genes possibly involved in
the cellular response to radiation, AG1 522 cells were ex-
posed to X-rays (1 Gy) and incubated at 37#{176}C for various
times up to 48 h. Because the cellular response to radiation
varies at the different stages of the cell cycle and to avoid the
physiological stress associated with chemical and physical
synchronization, the experiments were carried with cells syn-
chronized in G0-G1 by maintaining them in a quiescent den-
sity-mnhibited state of growth. Following the respective treat-
ments, RNA was extracted and mRNA levels were
determined by RT-PCR analysis (Fig. 1A). To monitor the
exponential formation of the PCR product, serial dilution
analysis was carried with 100, 50, and 25 ng of RNA (Fig. 1B).
The mANA levels of all of the genes tested were unaltered in
nonirradiated control cells over the 48 h time interval (results
not shown). In irradiated cells, mRNA levels of the structural
genes ￿-microgIobuIin and /3-actin remained unchanged
throughout the experiments and have been used as control
genes in our analysis. Twenty-one other genes (listed in
Table 1) implicated in antioxidation, cell cycle regulation,
DNA repair, DNA synthesis, and DNA topology also had
unaltered mRNA levels during the postirradiation period an-
alyzed. Decreased mRNA levels for the genes CDC2 (5.6 ±
3.0-fold), cyclin A (8.6 ± 3.0-fold), cyclin B (7.1 ± 3.7-fold),
thymidine kinase (5.2 ± 4.1 -fold), topoisomerase I/a (7.3 ±
3.6-fold) and RAD51 (8.6 ± 3.7-fold) were observed 12-16 h
after irradiation, and these lower levels were maintained at
least up to 48 h. Increased levels (2.3 ± 0.6-fold) of the
transcripts for the gene WAF1 was observed 3-6 h after
irradiation (Fig. 1). This preceded the decrease in the mRNA
levels of the other genes.
To examine the sensitivity of the changes in mRNA levels
in response to IR, quiescent AG1 522 cells were exposed to
different doses of X-rays (0-4 Gy), incubated at 37#{176}C, and
harvested for analysis 24 h later. Fig. 2 shows that the mod-C 0.1 0.2 0.3 1 4 Gy
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Fig. 3. Analysis of various genes in AG1 521 , AG1521 E6, AT5BI, and
2800T cells after X-irradiation. Quiescent, density-arrested cells were
exposed to X-ray doses resulting in 10% clonogenic survival, held at
37CC, and harvested 3 (A) or 24 (B and C) h later. Protein (A and C) and
RNA (B) were extracted and analyzed by Westem blotting and RT-PCR,
respectively.
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Fig. 2. mRNA levels of various genes in AG1522 cells after different
doses of X-rays (0-4 Gy). Quiescent, density-arrested AG1 522 cells were
exposed to different doses of X-rays, held at 37CC, and harvested 24 h
later. RNA was extracted and analyzed by RT-PCR.
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their transcript levels were either unchanged or slightly in-
Table 1 Genes for which mRNA levels remained unaltered during a
period of 3-48 h, after exposure of quiescent, density-inhibited normal
human diploid fibroblasts to 1 Gy of X-rays
Structural genes
(3-A ctin
(3-Microglobulin
Genes involved in antioxidation
Superoxide dismutases SOD! and SODII
Catalase
Glutathione peroxidase
Genes involved in cell cycle regulation
Cyclins C, Dl, and E
CDK2 and CDK4
Genes involved in DNA synthesis/repair
ERCC 1, 2, 3, and 6; XRCC1; RAD6; KU7O; and KU8O
Uracyl-DNA glycosylase, DNA ligase I
DNA polymerase 13
Genes involved in DNA topology
Topoisomerase I
Topoisomerase 11(3
A01521 A015211E6 AT6BI 2600T
0 4 0 5 0 1.5 0 5 Gy
a-tubulin ￿ _￿ ￿ ￿ ￿ ,￿. ￿. ￿
p53 ￿
p21￿” ￿
fi-MICROGLOBULIN - -- -￿ -
CDC2 - - -- -- - -
CYCLINA -- - - - -
CYCLINB - .- - -- - - - - -- --
THYMIDINENINASE
TOPOISOMERASEIIa
RAD5I
p21,WAF -- -
ulation in the mRNA levels occurred with doses as low as
0.2-0.3 Gy. For CDC2, cyclin A, and cyclin B, a 30-40%
decrease in the expression level of these genes can be
observed at 0.1 Gy.
p53-dependent Regulation of mRNA Levels in Quies-
cent Density-inhibited Cells. Next, we examined the effect
of radiation on the mRNA levels of these radiation responsive
genes in radiosensitive (AT) and in radioresistant (LF) cell
strains. Confluent, growth-arrested homozygotic AT (AT5BI,
GM3395, or GM4405) fibroblasts or LF (2800T) fibroblasts
lacking normal p53 function were exposed to X-ray doses
(D10) resulting in 10% clonogenic survival levels (5 Gy for
2800T and 1-1 .5 Gy for AT cells) and harvested 24 h later.
Initial results showed that compared to nonirradiated control
cells, irradiation caused no changes in the mRNA levels of
any of the genes analyzed. These cell strains either lack a
functional p53 gene (2800T) or have a faulty p53 gene reg-
ulation in response to lR (AT cells).
To investigate further the role of p53 in the regulation of the
mRNA and protein levels of these genes, we analyzed their
expression in normal human diploid AG1521 fibroblasts and
in p53-deficient AG1 521 cells. The p53-deficient AG1 521
cells were derived by stable transfection with the human
papilloma virus E6 gene, which mediates the ubiquitin-de-
pendent degradation of p53 (32). Confluent, density-inhib-
ited cells were exposed to equitoxic doses (D10) of radiation
(4 Gy for AG1 521 , 5 Gy for AG1 521 E6 and 2800T, and 1 .5 Gy
for AT5BI cells) and incubated at 37#{176}C. Cells were harvested
3 h (Fig. 3A) or 24 h (Fig. 3, B and C) later to determine protein
and mRNA levels. Western blot analysis (Fig. 3A) showed
that in AG1 521 cells, p53 and its down-stream effector
p2lW￿ were induced by 3 h after irradiation. In contrast, in
AG1521-E6, AT5BI, and 2800T cells, very low levels of p53
protein were observed, and these levels were not increased
after irradiation. p21 Wafi levels were not increased in irradi-
ated AT5BI cells, and they were undetectable in control or
irradiated AG1521 -E6 and 2800T cells, further confirming the
lack of p53 activity in these cells. Analysis of the transcripts
of the radiation responsive genes in wt AG1 521 cells (Fig. 3B)
24 h after irradiation showed results similar to those ob-
served in AG1522 cells (Figs. 1 and 2). In AG1521-E6, AT5BI
and 2800T cells, no regulation in the mRNA levels of WAF1
was observed after radiation exposure. For CDC2, cyclin A,
cyclin B, thymidine kinase, topoisomerase I/a, and RAD51,WT p534- p21￿
#{243}-.y c ￿
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Fig. 4. mRNA levels of various
genes in ￿wt, p53￿ , and
p21 ‘￿ MEFs. Confluent, densi-
ty-arrested cells were exposed
to 8 Gy of y-rays and held at
37CC for 24 h. RNA was ex-
tracted and analyzed by RT-
PCR. A, analysis of mRNA levels
after radiation exposure. B,
analysis of a serial dilution of
RNA from control cells to moni-
tor the exponential formation of
the PCR product in A.
creased in AG1 521 -E6 and AT5BI cells. In contrast to normal
human diploid fibroblasts, increased mRNA levels were ob-
served in irradiated 2800T cells for most of the genes, except
CDC2, for which no change was observed. Western blot
analysis (Fig. 3C) of samples collected 24 h after irradiation
showed similar results to the mRNA analysis except for
p21 Wafi , which was slightly increased in irradiated AT5BI.
These results indicate a role for p53 in the regulation of
expression of these genes after irradiation.
Radiation Effects on mRNA Levels in wt, p53￿, and
p21 ‘ Quiescent MEFs. To eliminate possible confound-
ing factors resulting from E6 transfection and genomic alter-
ations other than abnormal p53 function in AT and LF cells
that could influence the regulation of the radiation responsive
genes, we examined their expression levels in closely related
mouse fibroblasts obtained from embryos that were either
wt, p53￿, or p21 ‘￿. Fig. 4 shows the mRNA analysis of
the different radiation responsive genes in MEFs exposed to
8 Gy and harvested 24 h later. Similarly to AG1 521 and
AG1522 human diploid fibroblasts, irradiation of wt MEFs
results in up-regulation (2-fold) of the DNA damage respon-
sive gene WAF1 and down-regulation (4-5-fold) of CDC2,
cyclin A, cyclin B, thymidine kinase, topoisomerase I/a, and
RAD51. In irradiated p53￿ cells, no changes in the levels of
cyclin A, cyclin B, or topoisomerase I/cr were observed. Lon-
ger exposure of the autoradiograms showed the presence of
very low levels (about 40-fold lower than wt) of WAF1 mRNA
in p53￿ control cells. These levels were increased (5-fold)
after irradiation, possibly by p53-independent mechanisms
as described previously (1 5). Small decreases (1 .3-1 .5-fold)
in the mRNA levels of CDC2, thymidine kinase, and RAD51
were observed in irradiated p53￿ cells. In irradiated p21
cells no changes or slight increases (1 .3-1 .6-fold) were ob-
served in the mRNA levels of all of the genes studied, mdi-
cating that the down-regulation of these genes is p53-de-
pendent and involves p21 Wafi as a negative factor in the
control of their expression.
Regulation of mRNA Levels in Irradiated Confluent
Cells Subcultured to Low Density. A common character-
istic of the radiation responsive genes identified in our stud-
ies (Figs. 1-4) is that all of them are normally regulated during
the cell cycle. Their levels start to rise in late G1 , are main-
tamed high in S/G2, and decreased drastically in G2-M. To
examine the effect of IR on the expression levels of these
genes in cells allowed to proliferate, confluent density-inhib-
ited cells were exposed to equitoxic doses of radiation (D10),
followed by immediate subculture to low density and incu-
bation at 37#{176}C. At 0-36 h thereafter, cell samples were
harvested, and RNA (Fig. 5) and protein (Fig. 6) were ex-
tracted and analyzed. In nonirradiated AG1 521 cells, the
mRNA levels of the genes CDC2, CyClin A, CyC/in B, thymi-
dine kinase, topoisomerase I/a, and RAD51 start to increase
by 12-1 6 h (results not shown) and reach maximum expres-
sion around 24-30 h after subculture. The increased levels
observed by 24 h were maintained up to at least 36 h, as is
shown in Fig. 5A. As compared to nonirradiated control cells,
lower expression (3-7-fold) of these transcripts was persis-
tently observed in irradiated AG1 521 cells, with exception of
topoisomerase 1hz which reaches the same level as in non-
irradiated cells by 36 h after subculture. In nonirradiated
cells, WAF1 mRNA levels were initially increased (4-fold) 5 h
after release to low density as described previously (38). In
irradiated cells, these levels were further increased and re-
mained higher than in nonirradiated cells for at least 36 h.
In nonirradiated AG1 521 -E6, 2800T, and AT5BI cells, qual-
itative changes similar to those in AG1 521 were observed in
the mRNA levels of the genes CDC2, cyclin A, cyclin B,
thymidine kinase, topoisomerase I/a, and RAD51 (Fig. 5,
B-D). They were all up-regulated 24 h after release, and high
levels were maintained until 36 h. Irradiation caused no sig-
nificant alterations in the expression levels of these genes
except at 36 h after subculture, when slightly higher levels
were observed in some (CDC2, cyclin A, CyClin B, and
RAD51) of these genes in AG1 521 -E6 and 2800T cells. Al-
though these increases in expression were small at the
mRNA level, they were more noticeable at the protein level
(Fig. 6). WAF1 mRNA levels increased in control cells 5 h
after release to low density, but the magnitude of this in-
crease varied in each cell type. In AG1 521 -E6 and 2800T
cells, the relative increase was at least 8-fold, and in AT5BI24 36h 0 5 24 36h
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Fig. 5. mRNA levels of various
genes in control (C) or irradiated
(X) AG1521 (A), AG1521E6 (B),
AT5BI (C), and 2800T (D) con-
fluent cells subsequently re-
leased from density inhibition.
Confluent AG1521, AG1521E6,
AT5BI, and 2800T cells were ex-
posed to X-ray doses resulting
in 10% clonogenic survival (4,
5, 1.5, and 5 Gy, respectively),
immediately subcultured, and
incubated at 37CC. Cells were
harvested 0-36 h after subcul-
ture, and RNA was extracted
and analyzed by RT-PCR.
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Fig. 6. Western analysis of various genes in control (C) or irradiated (X) AG1 521 (A), AG1 521 E6 (B), AT5BI (C), and 2800T (D) confluent cells subsequently
released from contact inhibition. Confluent AG1 521 ,AG1 521 E6, AT5BI, and 2800T cells were exposed to X-ray doses resulting in 10% clonogenic survival
(4, 5, 1.5, and 5 Gy, respectively), immediately subcultured, and held at 37CC. Cells were harvested 0-36 h after subculture, and protein lysates were
analyzed.
cells, it was only 2-fold. Irradiation did not affect WAF1 mRNA
levels in these three cell strains. Overall, these results support a
role for p53 in the regulation of the expression levels of CDC2,
Cyclin A, cyClin B, thymidine kinase, topoisomerase I/a, and
RAD5 1 genes after radiation exposure of cells either maintained
in quiescence or allowed to proliferate.
G2-M Delay in wt, p53￿’￿, and p21 ￿ MEFs. The p53
and p211-dependent down-regulation in the expression
levels of genes involved in G2-M (CDC2, cyclin B, and topoi-
somerase I/a) suggests the involvement of p53 and p2lwafl
in the G2 delay observed after exposure to IR. Previous
studies had shown the presence of a G2-M delay in p53￿
(5, 6) and p21 ￿ MEFs (1 1 , 12). In these studies, distribution
of the cells in the life cycle was analyzed only at a single time
point several h (13-24 h) after irradiation. To avoid possible
misinterpretations of the results due to differences in the
doubling times of the different cells, wt, p53￿ , and p21
MEFs in exponential growth were exposed to 5 Gy and
harvested at 4, 6, 8, 10, 12, and 24 h later (Fig. 7). Delays in
the G2-M were observed in the three cell lines analyzed,0
C,
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Fig. 7. Percentage of cells in G2-M at different times after exposure to 5
Gy. wt, p53-’￿, and p21 ￿ MEFs in exponential growth were exposed to
5 Gy and harvested 4-24 h later. P1-stained single-cell populations were
analyzed by flow cytometry, and the percentage of cells in G2-M was
determined from the DNA histograms.
indicating that the occurrence ofthe G2-M delay is independ-
ent of p53 or p2lwafl status in mouse fibroblasts.
Discussion
The present results show that in normal human diploid fibro-
blasts, exposure to IA induces modulation in the expression
levels of genes involved in the DNA damage response and in
cell cycle regulated genes. Increased expression of the
genes involved in the DNA damage response ￿,53 and
WAF1) occurs rapidly and has been extensively described.
We observed down-regulation of the cell cycle-regulated
genes CDC2, cydlln A, cydin B, topoisomerase IIcx, thymidine
kinase, and RAD51 12-16 h after irradiation of quiescent
density-inhibited cells with doses as low as 0.2-0.3 Gy,
which result in clonogenic survival levels greater than 80%.
This is the first report describing the modulation of these
genes in this low dose range. Down-regulation of CDC2,
cydlln A, cydin B, and topoisomerase I/a transcripts was
reported previously (1 9, 31 , 33-37) in cells exposed to high
doses, which cause extensive cell killing. Down-regulation of
thymidine kinase and RAD51 has not been described previ-
ously. We also observed down-regulation of the transcript
levels of these genes in irradiated confluent cells subse-
quently subcultured to low density and allowed to progress
through the cell cycle. All of these genes have in common a
cell cycle-dependent variation in their expression levels.
Their transcript levels rise in late G1/early S and drop in
G2-M.
The list of genes (Table 1) for which mRNA levels were not
regulated by 1 Gy, during a period of 48 h postirradiation,
also includes other cell cycle regulated genes (cyc!in Dl,
cydlln E, CDK2, and CDK4). These genes are involved in
controlling events that occur in early/late G1 and, as previ-
ously observed (1 9), are more likely to have their activity
rather than their levels modulated by irradiation. Similarly,
radiation exposure did not affect the mRNA levels of other
genes (Table 1) implicated in antioxidation, DNA repair, DNA
synthesis, and DNA topology. Whether IA modulates their
protein and/or activity levels remains to be established.
Down-regulation of the expression levels of cell cycle-
regulated genes by radiation did not occur in cells with
compromised p53 activity (AG1 521 E6, AT5BI, and 2800T),
suggesting a role for p53/p2lwafl in the regulation of the
transcript levels of these genes. The experiments carried
with wt, p53￿’￿ and p21 -‘- MEFs not only confirmed p53
involvement but also implicated p2lwafl in this response.
p53 involvement in regulating the levels of cyclin A protein
(19), topoisomerase lla (39), and p34cdc2 (31) have been
previously identified, but only in the case of p34cdc2 has
p2l￿￿1 also been clearly implicated (31). p21Wafl belongs to
a family of G1 cyclin-cdk inhibitors, which also includes
p27”￿￿ (40). p2lWafl s transiently expressed in early G1
during cell growth (38) and after DNA damage. Induction of
p2lw￿￿ in a p53-dependent or independent manner arrests
cells in G1-S by inhibiting pRb phosphorylation by G1 cyclin-
cdks, with consequent prevention of E2F activation. There is
also evidence that p2lwafl can regulate E2F activity inde-
pendently of pRb (41 , 42).
Depending on the associated proteins, E2F can be in-
volved in both negative (43, 44) and positive (45) regulation of
growth-related genes such as E2F1, cyclin E, cyclin A,
CDC2, thymidine kinase, and dihydrofolate reductase. In
growth-arrested cells, the E2F4-p130 complex is the most
abundant form of E2F, and its disappearance as cells enter
the cell cycle requires the action of a G1 cdk activity (44, 46,
47). Studies by Shiyanov et a!. (48) indicated that progression
through G1 is associated with the binding of cdk2 to E2F-
p130 complex and that p2lWafl disrupts this interaction. In
vivo footprinting studies (43) identified an E2F-pl 30 binding
site in the CDC2 promoter, which is involved in the suppres-
sion of cdc2 expression. As cells progress into G1-S, this
complex disappears and CDC2 mRNA accumulates. Similar
results were obtained for E2F1 mRNA expression (44). These
studies suggest that the E2F-pl 30 complex provides a neg-
ative control of the transcription of growth-related genes inCell Growth & Differentiation 893
Table 2 Primer sequences, optimal Mg2￿ concentration, product size, and number of PCR cycles required for the detection of the product from 100
ng of RNA
Gene Primers, 5’-￿3’ Mg2￿ (mM) Size (bp) Cycles
(3-Actin (human) 5 ‘ -TCTTCCAGCCTTCCTTCC 1 .5 296 17
3 , -CTTGCTGCTCCACATCT
f3-Microglobulin (human) 5’-AGCAGAGAATGGAA.AGTC 1.5 268 17
3 , -TGCTGCTTACATGTCTCG
(mouse) 5 ‘ -ATGGCTCGCTCGGTGACC 1 .5 359 17
3 , -TCACATGTCTCGATCCCA
CDC2 5’-GACTTAAAACCTCAAAA
3 , -TTCTTAATCTGATTGTCC
2 505 29
Cydin A (human) 5 ‘ -CAGACATCACTAACAGTA 1 .5 361 27
3 , -AGGCTGCTGATGCAGAA
(mouse) 5 ‘ -TCACACGTACCTTAGGGA 1 41 6 27
3 , -TGCAGGAAGTACTGGGTA
Cyclin B 5 ‘ -ACTGGAAACATGAGAGC 1.5 385 25
3 , -AGGTATTTGGCCAAAGT
Thymidine kinase 5’-CAGTACAAGTGCCTGGT 1 531 26
3 , -AGGCAAAGAGCTTCCTG
Topoisomerase ha 5 , -CCAAAAGATGATCACAC 1.5 31 0 27
3 , -ATTTCAAPGGTTGTAGAA
RAD51 5’-CAGTGTGGCATAAATGCC
3 , -GTCAATGTACATGGCCTT
2 395 29
WAF1 (human) 5 ‘ -CGTGAGCGATGGAACTTC 1.5 31 8 25
3 , -GGTAGAAATCTGTCATGC
(mouse) 5’-GCAAAGTGTGCCGTTGTC 1.5 419 25
3 , -AGACCAATCAGCGCTTGG
quiescent cells. As cells progress into G1-S, the inactivation
of E2F-p130 by a G1 cyclin-cdk would allow transcription
and accumulation of growth-related genes. The phosphoryl-
ation of E2F-p130 by a G1 cdk, and its inhibition by p2lwafl
provides another level for p2lw&￿ inhibition of cellular
growth. Our results support this hypothesis, and our ob-
served down-regulation of thymidine kinase and RAD51 tran-
script levels in irradiated cells suggests that these genes may
also contain E2F-pl 30 binding sites subject to p53 regula-
tion via p21 Wafl ￿ Although the published data as discussed
above indicate that p53/p21 wafi regulation of CDC2, and
possibly of the other genes, is at the transcriptional level, our
results cannot exclude the occurrence of posttranscriptional
events.
The p53-independent induction of p21wafl in p53￿ cells
did not affect the transcript levels of cydin A, topoisomerase
I/a, or cyclin B, which remained unaltered by irradiation in
p53 and p21 -null cells. p53 involvement in the repression of
cydin A and topoisomerase I/a promoters have been de-
scribed previously (39, 49, 50), but for cydlln B no previous
data have been reported describing any transcriptional or
posttranscriptional regulation. These results indicate that ei-
ther these genes are not as sensitive to p21 Wafi regulation as
CDC2, RAD51 , and thymidine kinase, or a factor(s) other than
p2l￿￿lafl is involved in the control of cydin A, topoisomerase
I/a, and cydlln B transcript levels.
p34cdc2 and cyclin B are involved in the G2-M transition
(4, 51), and topoisomerase Ila in a G2 catenation-sensitive
checkpoint in mammalian cells (52). The involvement of p53/
p21 Wafl in down-regulation of the expression levels of these
genes in irradiated cells suggests that p53/p21 Wafi may play
a role in the G2-M checkpoint as previously observed
(53-58). However, our cell cycle analysis of irradiated cells
showed clear evidence of G2-M delays in p53￿ and p21 “
cells, confirming previous results (5, 6, 11 , 12) and indicating
that the expression levels of p34cdc2 cyclin B, and the p53/
p2l￿￿afl signaling pathway are not the major regulators of the
G2 delay. This does not preclude the possibility that p53/
p2l”￿￿1 may have a role in late G2, as indicated by the
studies of Dulic et al. (59).
The observed down-regulation in the expression levels of
growth-related genes is not a consequence of the G1 delay,
because it is observed in quiescent density-inhibited normal
human fibroblasts. Also, it is not due to cell cycle redistribu-
tion in G￿JG1 , because the levels of the G0 marker p27￿Pl
protein was not altered up to 48 h postirradiation (data not
shown). These results indicate that even in quiescent cells, IR
can modulate the levels of genes involved in cell cycle pro-
gression probably ensuring that damaged cells will remain
delayed or permanently arrested if they are allowed to pro-
liferate. The observed down-regulation in the expression of
these genes at low doses is consistent with the transient G1
delay observed in normal human cells exposed to 0.1 Gy
(60). At high doses of radiation or bleomycin, human fibro-
blasts will die or become permanently arrested in G1 , under-
going further alterations in gene expression that resemble a
senescent state (61 , 62).
Our results show clearly that cells that present no delay or
permanent arrest in G1 after irradiation have no or opposite
(up-) regulation in the levels of the cell cycle regulated genes
as compared to normal cells. The fact that similar regulation
occurred in AT and in LF (2800T) cells suggests that the
down-regulation of cell cycle-regulated genes cannot distin-
guish between radiosensitive and radioresistant cells. Impor-
tantly, modulation of the radiation responsive genes in nor-
mal human fibroblasts differs from that of tumor cells where894 p53/p21 Waf 1 -dependent Regulation of Cell Cycle Genes
16. Gu, Y., Turck, C., and Morgan, D. Inhibition of cdk2 activity in vivo by
an associated 20K regulatory subunit. Nature(Lond.), 366: 707-710, 1993.
no down-regulation was observed for cydin A mRNA (56)
and for CDC2 mRNA with doses below 5 Gy (63).
Considerable uncertainties are encountered in estimating
the risk of human exposure to low doses of IA. Our results
indicating that low doses of radiation can trigger measurable
changes in gene expression in a pattern similar to high doses
is of importance for environmental and occupational radia-
tion protection issues.
Materials and Methods
Cell Culture and Maintenance
Human Cells. AG1521 (normal), AG1522 (normal), and AT5BI and
GM3395 (AT) human skin fibroblasts were obtained from the Genetic Cell
Repository at the Conell institute for Medical Research (Camden, NJ). The
AG1521 -E6 cells were derived by transfection of the parental cells with a
mammalian expression plasmid expressing the human papilloma virus 16
E6 antigen (29). 2800T cells were derived from a skin biopsy of a patemal
uncle of a LF proband (64) and have been characterized as having a
transition in codon 234 in one of the p53 gene alleles (65). The cells were
grown in 80-cm2 flasks (Nunc) as monolayers in D-MEM/F12 medium
containing 10 mM NaHCO3 and 15 m￿i HEPES buffer and supplemented
with 10% fetal bovine serum and gentamicin 25 p.g/￿.zi (all from Life
Technologies, Inc.). The cells were incubated at 37CC in a 2% CO2
atmosphere. Once the cells reached confluence, they were re-fed twice
every 48 h. Experiments were started 48 h after the last refeeding. Cell
cycle analysis for the normal human fibroblast strains, as determined by
flow cytometry, indicated that about 94% of the cells were in GO/Gi , and
less than 1.5% were in S phase. Cells were released from the quiescent
phase by trypsinization and subculture to lower density (1 :3) in fresh
medium. Except for radiation exposure, all control cells were handled in
parallel with test cells.
MEF Cells. Primary MEFs were kindly provided by Dr. Phillip Leder
(Harvard Medical School, Boston, MA). The cells were derived from em-
bryos that were either wt￿, p53￿’￿ , or p21 ￿‘ (1 1). The cells were
grown as described previously (31).
Flow c￿ytomethc Analysis. For analysis of cell cycle distributions of
control and irradiated samples by P1 staining, cells were removed by
trypsinization at various times after irradiation, washed twice with PBS,
and then fixed in 75% ethanol for 24 h before DNA analysis. After the
removal of ethanol by centrifugation, cells were treated with RNase A (1
mg/mI) for 15 mm. DNA fluorescence of P1-stained cells was measured
with an EPICS Elite ESP flow cytometer/cell sorter (Coulter Electronics,
Hialeah, FL). An argon ion aser operating at a 488-nm wavelength and 15
mW was used for excitation. DNA fluorescence was monitored through a
61 0-nm band pass filter. The percentages of G1 , 5, and G2-M cells were
determined from the DNA histograms using the Multiple AV program of the
Phoenix Flow System (San Diego, CA). In the case ofp2l ￿ MEFs, diploid
G1 cells were separated by centrifugal elutriation prior to the experiments
to eliminate nondiploid cells that could confound flow cytometric analy-
sos.
Irradiation. Cells were exposed to either X-rays (250 kVp with a 1-mm
aluminum filter, Siemens Stabilipanll, 1.2 Gy/min) or 60Co ‘y-rays (United
States Nuclear, 7.2 Gy/min) at room temperature.
RNA Extraction and RT-pcR AnalysIs. After incubation at 37#{176}C for
different times, the cellular monolayers were rinsed with PBS, and RNA
was extracted by the guanidinium thiocyanate-phenol chloroform method
(66). The resulting RNA was resuspended in water to a final concentration
of 1 p.g/pJ. RT-PCR analysis was carried in a manner that produced
reliable semi-quantification when compared to Northern analysis as we
described previously (36). Total RNA (5 ￿g) was reverse transcribed, and
aliquots corresponding to 100 ng of RNA were submitted to PCR in the
presence of 0.5 pi￿i biotinylated 14-dATP (Life Technologies, Inc.). Dupli-
cate reactions were carried with sequential cycles of 95#{176}C for 30 s, 50#{176}C
for 60 s, 72#{176}C for 30 s, and a final step of 72#{176}C for 10 mm. Serial dilution
reactions were carried with 25-1 00 ng of RNA from control cells, to verify
the exponential formation of the PCR product. The primers, Mg2￿ con-
centrations, product size, and numbers of cycles for the human and
mouse genes are shown in Table 2. An aliquot of the reaction was
electrophoresed, transferred to a nylon membrane, and submitted to
chemiluminescence, autoradiography, and densitometry.
Western Analysis. After incubation at 37#{176}C for different times, cells
were collected and rinsed in PBS. Protein extraction, Westem analysis,
and chemiluminescence detection were performed as described previ-
ously (31). The following antibodies against human proteins were used:
anti-a-tubulin (Ab-1), anti-p21”￿￿1 (Ab1) and anti-p53 (Ab-6) were from
Oncogene Research Products, anti-cdc2 (17) from Santa Cruz Biotech-
nology, anti-cyclin A (BF683) from PharMingen, anti-cyclin B (clone 18)
from Transduction Laboratories, and anti-rad5l was kindly supplied by
Dr. Radding from Yale University.
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